Abstract
The motion of doped electrons or holes in an antiferromagnetic lattice with strong on-site Coulomb interactions touches one of the most fundamental open problems in contemporary condensed matter physics.
The doped charge may strongly couple to elementary spin excitations resulting in a dressed quasiparticle which is subject to confinement. This 'spin-polaron' possesses internal degrees of freedom with a characteristic 'ladder' excitation spectrum. Despite its fundamental importance for understanding high-temperature superconductivity, clear experimental spectroscopic signatures of these internal degrees of freedom are scarce. Here we present scanning tunneling spectroscopy results of the spin-orbit-induced Mott insulator Sr 2 IrO 4 . Our spectroscopy data reveal distinct shoulder-like features for occupied and unoccupied states beyond a measured Mott gap of ∆ ≈ 620 meV. Using the self-consistent Born approximation we assign the anomalies in the unoccupied states to the spin-polaronic ladder spectrum with excellent quantitative agreement and estimate the Coulomb repulsion U = 2.05 ...2.28 eV in this material. These results confirm the strongly correlated electronic structure of this compound and underpin the previously conjectured paradigm of emergent unconventional superconductivity in doped Sr 2 IrO 4 .
The so-called spin polaron, describes the motion of a single charge (hole or doublon) added to an antiferromagnetic and insulating ground state of an effective correlated background medium. Thereby, the magnetic excitations of the antiferromagnetic (AF) background can be theoretically described by a system of bosons (magnons) which couple to the introduced charge carrier via creating virtual bosonic fluctuations. In this way the charge interacts strongly with its environment of ordered spins and forms a new quasiparticle -the spin polaron. Its excitations have been investigated by, e.g., the self-consistent Born approximation (SCBA) [1, 2] , quantum wave function methods [3] for a single hole within the t-J model, and exact diagonalization [4] . These studies show that the spin polaron is characterized by an environment of misaligned spins ( Fig. 1(a-d) ) forming an effective confinement potential, where the charge can occupy excited states of different orbital character [5] (see Fig. 1 (e-h)). In the one-particle spectral function these excitations manifest themselves by the occurrence of a rather flat and ladder-like structure ( Fig. 1(i) ). A hallmark of the spin polaron is its connection to the nature of unconventional superconductivity in the cuprates which is believed to emerge from a quasi two-dimensional correlated Mott-insulating antiferromagnetic parent state upon charge doping [1] . The spin polaron and its itinerancy straightforwardly explains the rapid destruction of the antiferromagnetic parent state of the cuprates upon hole doping. Furthermore, it is one key ingredient in many theoretical models which address superconductivity as well as competing phases such as stripe correlations in the underdoped regime of the cuprates' phase diagram [6] .
In recent years, it has been increasingly noticed that quasi-2D iridium oxides exhibit correlated physics that is quite similar to that of the cuprates. In particular, Sr 2 IrO 4 shares many parallels with the isostructural La 2 CuO 4 , a prominent Mott-insulating parent compound of the cuprate high-temperature superconductors [7] .
The intricate interplay of strong spin-orbit coupling (SOC) and Coulomb repulsion causes the 5d electrons to localize in a state with J eff = 1/2 pseudospins forming the lower Hubbard band of the material with a strong AF exchange interaction [8, 9] . AF order occurs below 240 K (T N ) [10] , and quasi-2D magnon excitations have been detected [9, 11] . In view of these similarities it is reasonable to expect spin polaron physics to be relevant in Sr 2 IrO 4 [12] and it has been argued that a proper doping scheme can drive the material into a high-temperature superconducting phase [13] .
Low-temperature STM/STS on stoichiometric Sr 2 IrO 4 at T < 10 K, enabling enhanced spectroscopic resolution, is challenging because samples become too insulating at cryogenic temperatures [14] [15] [16] [17] [18] [19] . We therefore used asgrown single crystals of Sr 2 IrO 4−δ for which a reduced resistivity as compared to the stoichiometric parent compound allows for highresolution STS measurements even at very low temperature (T < 10 K) for the first time. Note that the sample is still close to the Mott insulator regime and far away from metallicity, which occurs for high oxygen deficiency [20] , because the resistivity shows a semiconductorlike temperature dependence (see Supplementary Material (SM) Fig. S1 ). STM data obtained at the cold-cleaved (about 10 K) crystals' surface ( Fig. 2(a) ) yield atomically resolved SrOterminated flat terraces with several local defects (about 2% with respect to Ir). We therefore restrict the following discussion to
Remarkably, the closer inspection of the dI/dU reveals a distinct fine-structure of peakor shoulder-like anomalies (indicated by arrows in Fig. 2 (b) ) corroborating earlier studies where already signatures of the first peak at positive bias has been reported [17] . These interesting [9, 23] suggest that the underlying electron system can be modeled by a multi-orbital 2D Hubbard model with spinorbit coupling which has an AF ground state as it is known from the usual one-band Hubbard model [2] . This property simplifies the theoretical treatment by the possibility to apply the well-known "single-hole problem"to describe the relevant excitations of the magnetically ordered pseudospin ground state [24, 25] . Constructing a polaronic model to calculate dI/dU spectra, we address separately the positive and negative bias regions since the strong on-site correlations render these two cases very different [12] .
When a negative bias voltage is applied, the electrons are removed from the sample, tunneling towards the tip. This creates an excitation in the d 5 configuration, which can be locally described as a d 4 configuration with its complicated intrinsic multiplet structure [26] .
In the lowest energy subspace of the Hilbert space this charge excitation would form a singlet and a triplet state. Therefore, to describe a charge excitation on the negative bias side, we introduce a charge excitation creation operator h with an additional degree of freedom The motion of the charge excitation on positive(+) and negative(-) sides of the dI/dU spectra is described by the Hamiltonian:
where H mag is the part which includes the low energy excitations of the AF J eff = 1/2 ground state. The hopping part of the Hamiltonian,
, describes the kinetic energy of the charge coupled to the magnons, which gives rise to the polaron quasiparticle. The low-energy effective polaron model described here has the same operator structure as the effective polaron model of the t-J model but has more components than the latter due to the multiplet structure of the polaron. Interestingly, this additional degree of freedom also allows for more hopping channels, including free (i. e. not coupled to magnons)
hopping between first neighbors, see SM for details. The Hamiltonian and its parametrization used here also gives very good quantitative description of the measured ARPES spectra on Sr 2 IrO 4 [12] . Specifically, we have evaluated the one-particle Green's function G(k, ω)
within the self-consistent Born approximation.
To relate the described modeling to our measurements we exploit the usual proportionality between the tunneling differential conductance dI/dU and the density of states and calculate the dI/dU using the relation
where the time evolution in G(k, ω) is deter- Not surprisingly however, such a ladder spectrum is not present on the negative bias side -the polaron motion on the negative voltage is additionally greatly complicated by the internal degrees of freedom of the charge excitation, which not only creates additional interacting channels but also provides a possibility for a nearest-neighbor free hopping of the polaronic quasiparticle. Therefore, the polaron quasiparticle becomes more dispersive and a considerable amount of spectral weight is transferred to the incoherent part of the one-particle spectrum.
Altogether these two effects lead in the momentum summation in Eq. (2) to a more complex dI/dU on the negative bias side (black line in 
where E with a lid to reduce a flux evaporation. The crystals were characterized regarding microstructure (scanning electron microscopy), composition (energy dispersive x-ray analysis), crystallographic structure (single crystal diffraction), magnetic properties (magnetometry), and resistivity.
Resistivity data of the Sr 2 IrO 4 samples
The in-plane resistance of the as grown Sr 2 IrO 4−δ single crystals was measured using a standard 4-probe technique (5 K -300 K). Here, δ accounts for a possible oxygen deficiency. In the asgrown single crystals, δ is not controlled which is known to lead to a variation of the resistivity [20] . Fig. S1 shows representative resistivity data for samples with very different temperature dependencies of the resistivity, where the more insulating characterisitics (labelled 'Insulating Sample' in Fig. S1 ) can be attributed to an almost stoichiometric oxygen content (δ ≈ 0) of the corresponding sample [29] . On the other hand, the only weakly insulating character of the other sample implies a small amount of oxygen vacancies [20] . In order to be able to perform highresolution tunneling spectroscopy at low temperature, we took advantage of the reduced resistivity of this sample (labelled 'STM Sample' in Fig. S1 ) and used it for the tunneling experiments in our study. Note that the observed impurity amount of about 2% with respect to Ir in the topographic data shown in Fig.2(A) is consistent with an oxygen deficiency δ of the same order [20] .
Hamiltonian of the motion of the charge excitation.
The motion of the charge excitation on positive(+) and negative(-) sides of the dI/dU spectra is described by the Hamiltonian:
where H mag describes low energy excitations of the AF J ef f = 1/2 ground state. It is given by
where ω k is the dispersion of the (iso)magnons represented by the quasiparticle states |α k and |β k . The hopping part of the Hamiltonian, H +,− t , describes the transfer of the charge excitation in the bulk coupled to the magnons, which we will also address as polaron quasiparticle. It is given by:
Where A, B are the two AF sublattices. The dispersions ∝ V given explicitly (also see Ref. [12] ). All the vertices were obtained analytically in a limit of strong on-site Coulomb repulsion and depend on the five hopping parameters of the minimal tight-binding model obtained as the best fit of the latter to the LDA calculations. The model used here is based on the polaronic model we used to calculate ARPES spectra on Sr 2 IrO 4 , see Ref. [12] for details.
Ladder spectrum in the t-J z model
Assuming that the ground state at half-filling can be described by a classical Néel state with spin excitations, one can describe the motion of the hole in the AF background by an effective Hamiltonian which naturally follows from an anisotropic t-J model [2] by assuming a finite ratio of the exchange parameters, α = J ⊥ /J z ,
where a charge excitation is represented by a spinless fermion with creation operator h † k and spin excitations are represented by the boson operators a † q . The spin-wave dispersion
2 ν q where s = 1/2 is the spin and z is the coordination number of the underlying square lattice. The Bogoliubov factors are given by
The coupling of the hole to magnons is described by γ q = 1 z τ cosq · τ . Substituting α = 0 to Eq. (9) we obtain the polaron representation of the t-J z model,
where the coefficients become q-independent: ω = szJ z and γ k = 1 2
(cos k x + cos k y ).
To show that indeed different excitations in the ladder spectrum of the t-J z model can be directly observed in the tunneling spectroscopy experiment, we map the polaronic Hamiltonian (9) onto an effective system of free fermions and bosons
where the new effective HamiltonianH is related to the original Hamiltonian via a unitary trans-
Such a method enables to study the polaron excitations as projected on the effective free particle, which can directly couple to the tunneling electrons in an STS experiment.
The unitary transformation (13) in general renormalizes the spin excitations of the background (first term of Eq. (12)) and generates the second term of Eq. (12) . Since the Eq. (12) has the quadratic diagonal form and the transformation (13) is unitary, the energy quantitiesε k andω q can be seen as eigenenergies of the original model. The transformation (13) can be constructed and numerically carried out by using the projective renormalization method (PRM) (see Ref.
[32]).
Within this method the polaronic term of the Hamiltonian is integrated out in steps (1500 in the actual calculation), leading to the renormalization of the fermion and boson energy parameters.
Using the unitary transformation (13), the one-particle spectral function can be calculated immediately,
whereã 0 k andã 1 k,q are calculated in the renormalization process described above and represent the spectral weight of the particular polaron excitation.
The internal excitations of the polaron can also be visualized by its wave function. Following [3] , we write it in the form
Here, |0 is the product of the hole vacuum and the spin-wave vacuum, andã Fig. S3 with red circles) , the polaron dispersion within each rung is quite flat, whereas for larger values of α = 0.25 (green circles), the polaron becomes more dispersive. Overall, the polaron becomes less localized with the ratio t/ω decreasing.
The possibility to map the spin polaron model to an effective model of free charge carriers (dressed with characteristic ladder-like quasiparticle dispersion) indicates that it must indeed be possible to detect internal excitations of spin polarons in an STM experiment.
To get a better understanding of the nature of the polaron states shown on the Fig.1 , we calculate the first two Reiter coefficients a 0 (k) and a 1 (k, q) from Eq. (15) using perturbation theory with respect to the parameter t/ω assuming ω t (strong coupling limit):
In this approximation, the spectral function of the hole has the form (similar to Eq.( 14))
This equation includes two different types of internal excitations. As one can see from the momentum dependence of the Reiter coefficients, the lowest excitation a 0 (k) has s-wave character and represents a rather localized state of the hole. The second excitation a 1 (k, q) is spatially more extended due to its proportionality to cos-functions, and the sign of the coefficient changes as a function of momentum, which means that it is orthogonal to the first term.
Relevance of the t-J z ladder physics to Sr 2 IrO 4
To show the relevance of the above discussed theory to the case of Sr 
Spin-polaron ladder spectrum signatures in STS
In order to demonstrate the representative character of the dI/dU spectrum shown in Fig. 2 (b) , different spectra are shown in this section. These spectra were taken at different points in different topographies. For guidance the spin-polaron features present in the data are marked with arrows as shown in Figs. 2 (b) .
In Fig. S4 , three spectra taken at the atomically resolved surface are shown. The spectra were taken at different locations of the surface, darker area (yellow curve), clean area (green curve) and on top of a frequent defect (red curve). The features of the spin-polaron spectrum spectra can be distinguished in the clean and dark area. In both cases the characteristic ladder-like signature is present on the positive bias side. On top of the defect spectral intensity is found inside the gap, in agreement with previous high temperature findings [16] .
In In Fig. S6 an atomically resolved surface (measured with some experimental noise) is plotted for the same location as the dI/dU spectrum shown in Fig. 2 (b) . We show three additional spectra referring to the darker area (yellow curve), and clean area (green and red curve). The features of the ladder spectra can be clearly distinguished in the clean area.
In general it can be noted that the signatures of the confined spin polaron are more distinguishable at the positive bias. In the negative side the dispersive character and internal degrees of freedom of the charge excitation make it harder to recognize them.
In Fig. S7 an spectroscopy-imaging STM (SI-STM) data is shown in (a) at 300 meV (inside the gap) where the deffects can be atomically resolved. In (b) we plot the local density of states along the yelow line over a clean area in (a). In all spectra the first spin-polaron peak as well as the beggining of the second peak are clearly recognizable. Thisis a proof of the universality of the spin-polaron in the clean areas of the sample.
Determination of the peaks positions
In order to determine the position of the peaks corresponding to the spin polaron we use a fitting function F (x) = F B (x) + i F i (x) for the measured spectrum which consists of a bosonic background
and Gauss functions for the intensity of the peaks,
where A i ,x i , and σ i are independent parameters for each peak. The position of the spin-polaron peaks is given byx i . The resulting plots can be seen in Fig. S8 The function (18) is a phenomenological description of a bosonic background which is introduced to simulate the dissipation of the energy which is transferred to the system through the tunneling current. Thus, under the assumption that the background is fully described by a system of bosons the background contribution to the tunneling response takes the form of a boson distribution function where the temperature plays the role of dissipated energy which is set proportional to the bias voltage. In addition to this background the intrinsic excitations of the spin polaron are fitted by Gauss functions where the corresponding positions, amplitudes, and widths are extracted.
For the spectrum in Fig. S8 Fig. S2(b) ) and the energy spacing between the first and second excitation is of the order of J. 
